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i Abstract 

There exists a world-wide consensus for a future e + e~ Linear Col- 
' lider in the energy range between ^/s = 500 — 1000 GeV as the next 

large facility in HEP. The Linear Collider has a large physics poten- 
cy ■ tial for the discovery of new physics beyond the Standard Model and 

for precision studies of the Standard Model itself. It is well suited to 
complement and extend the physics program of the LHC. The use of 
^) , polarised beams at a Linear Collider will be one of the powerful tools. 

c"^) ■ In this paper some highlights of searches for physics beyond the Stan- 

dard Model at a future Linear Collider with polarised e~ and e + beams 
are summarised. 



£h ; 1 Beam Polarisation at a Linear Collider 

The next future large experiment in high energy physics will most prob- 
^ ■ ably be a future Linear Collider (LC) in the energy range between LEP 

and 0(1 TeV). The existing world-wide proposals are designed with high 
luminosity of about C = 3.4 • 10 34 cm~ 2 s _1 at y/s = 500 GeV and C = 
5.8 • 10 34 cm" 2 s~ 1 at y/s = 800 GeV, see e.g. H]. A LC will not only be 
well suited to complement P] but also to extend the physics program of 
the Hadron Colliders, the Tevatron and the future Large Hadron Collider 
(LHC). 

A LC has a large potential for the discovery of new particles and is - 
due to its clear signatures - very well suited for the precise analysis of new 

1 Invited plenary talk given at 15th International Spin Physics Symposium, Sept. 2002, 

BNL, Brookhaven, USA. 
2 email: g.a.moortgat-pickQdurham. ac.uk. 

3 Address before January 2003: DESY, Deutsches Elektronen-Synchrotron, D-22603 
Hamburg, Germany. 
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physics (NP) as well as of the Standard Model (SM) Providing precision 
studies in this energy range, in particular in the electro-weak sector, even 
small traces of physics beyond the SM might be found, even if high scale 
particles of a NP might not be directly produced at the LHC or the first 
phase of a LC. For these studies the GigaZ option of the LC, i.e. running 
with very high luminosity at the Z and the WW threshold, is decisive. 

An important tool of a LC is the use of polarised beams. In the following 
we will summarise some highlights of searches and analyses of new physics 
with the help of polarised beams P] G3 E] ■ 

Already in the base line design it is foreseen to use electron beams po- 
larised to around 80% via a strained photocathode technology P similar 
to those at the SLC where in the last year of running 1994/95 P e - = 
(77.34±0.61)% and references therein) was reached. In order to generate 
also polarised positrons the use of a helical undulator is favoured producing 
polarised photons which generate via pair production positrons with a de- 
signed polarisation degree of about 40% (with full intensity of the e + beam) 
up to 60% (with probably about 55% intensity) [5]. There already exists a 
world-wide collaboration supporting the activities to get a prototype for a 
polarised positron source at the 50 GeV Final Focus Test Beam at SLAC 

It is foreseen to measure the polarisation with Compton polarimetry and 
it is assumed that one could reach even an accuracy better than A(P e ±) < 
0.5% [7]. The simultaneous use of M/ftler polarimetry will also be studied 
at the LC (Hj. However, the reachable accuracy with Compton and Miller 
polarimetry will not be sufficient for the high precision tests at GigaZ. For 
this purpose one uses an alternative Blondel Scheme jSj, see next section, 
where one expresses the polarisation via polarised cross sections. Therefore 
one can avoid absolute measurements of polarisation and uses polarimetry 
only for relative measurements. 

After a short introduction into the physics of beam polarisation we begin 
our summary with high precision studies of the SM as a motivation for new 
physics searches. 

1.1 Introductory remarks 

Within the Standard Model (SM) only (V — A) couplings happen in the 
s-channel and therefore the configurations LR and RL are possible for the 
e~e + helicities. That means that once the e~ polarisation is chosen also 
the e + polarisation is fixed. For these processes an additional simultaneous 
positron polarisation leads to an enhancement (or suppression) of the frac- 
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Table 1: Fraction of colliding particles (C e ff/C) and the effective polarisa- 
tion (P e ff) for different beam polarisation configurations, which are charac- 
teristic for (V-A) processes in the s-channel jlUj . 



tion of the colliding particles, which is expressed by the effective luminosity 
C ef f/C:= l -(l-P e -P e+ ) (1) 

and of the effective polarisation 

P e// := (P e - - P e+ )/(l - P e -P e+ ). (2) 

In Tabled we list C e ff an d Peff f° r some characteristic values of P e - and 
P e + . One can see that even with a completely polarised e~ beam the fraction 
of colliding particles is not enhanced, however, with simultaneously polarised 
positrons this fraction will be enhanced. 

It is well-known that with suitably polarised beams one can suppress 
background processes, e.g. the dominating SM backgrounds e + e~ — ► 
and ZZ. Some scaling factors a p ° l / a unpo1 for these processes are given in 
Table 

Moreover, beyond the SM there are also coupling structures in the s- 
channel possible where also the configurations LL and RR could lead to 
strong signals. Simultaneous polarisation of both beams would lead therefore 
to fast and easy diagnostics and we will give one example. 

These given 'rules' are not generally valid for t-channel exchanges since 
in that case the helicity of the incoming e~ is only coupled to the outgoing 
particle at the vertex and not to the incoming e + . This can be easily seen 
when studying the well-known Bhabha background. For small energies the 
s-channel with its LR and RL coupling characteristics dominates. However, 
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Table 2: Scaling factors a pcl / a unpo1 for the dominating SM background pro- 
cesses e + e~ — > W + W~ and ZZ for different configurations of beam polari- 
sation pj. 



for higher energies, also LL coupling is possible via the ^-exchange in the t— 
channel. Another example, where the use of both beams polarised is obvious, 
is the single W background since with e~ polarisation only the W~ signal 
can be suppressed. For the corresponding signal from W + the polarisation 
of e + is needed. 

2 Electroweak high precision analyses of the SM 

Electroweak precision tests with an unprecedented accuracy - at high ener- 
gies as well as at the Z resonance and the WW threshold - would allow to 
see hints for new physics, even if new particles are not directly produced. In 
the following section we list some examples for these high precision measure- 
ments at a LC, e.g. the measurement of triple gauge couplings. After that 
we will have a look at the additional prospects of GigaZ which is planned 
as an upgrade. 

2.1 Anomalous couplings in e + e~ — > W + W~ 

In order to test the SM with high precision one can carefully study triple 
gauge boson couplings, which are generally parametrised in an effective La- 
grangian e.g. by the C-, P-conserving couplings gY , «;y, Ay with V = 7, Z. 
In the SM at tree level the couplings have to be gY = 1 = Ky, while \y are 
identical to zero. 

These couplings can be determined by measuring the angular distribu- 
tion and polarisation of the W^'s. Simultaneously fitting of all couplings 
results in a strong correlation between the 7— and Z— couplings. It turns 
out that the polarisation of the beams is very powerful for separating these 
couplings: e.g. the polarisation of P e ~ = ±80% (together with P e + = =p60%) 
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Table 3: Sensitivity for anomalous triple gauge couplings with different con- 
figurations of beam polarisation [*"". 



improves the sensitivity up to a factor 1.8 (2.5), see Table 15*1 [111 IT]. 

2.2 Transversely polarised beams in e + e _ — > W + W~ 

Another promising possibility to study the origin of electroweak symmetry 
breaking is the use of transversely polarised e + e~ beams which projects out 
W-^Wjj |12j . The asymmetry with respect to the azimuthal angle of this 
process focusses on the LL mode. This asymmetry is very pronounced at 
high energies reaching about 10%. The advantage of this observable is that 
at high energies this asymmetry peaks at larger angles and not in beam 
direction where the analysis might be difficult. One has to note, however, 
that for the use of transverse beams the polarisation of both beams is needed. 
The effect does not occur if only one beam is polarised since the cross section 
is given by: 

a = (l-P e L _P e L + )a unp + (P^-P e L + )^ ol +Pj-Pj + a^ ol . (3) 

2.3 GigaZ 

At the GigaZ option e + e~ — > Z — > // is studied and the effective electroweak 
leptonic mixing angle can be measured via the left-right asymmetry 

2(1 -4 sin 2 &iff) 

ALR ~ 1 + (1-4 sin 2 Q{ ff Y (4) 

of this process. Since one gets only a gain in statistical power if the error due 
to the polarisation measurement AA^^pol) is smaller than the statistical 
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error AAin(stat) one has to know P e ± extremely accurately. Up to now 
even AP e ± < 0.5% would not be sufficient. Therefore one uses an alternative 
Blondel Scheme an d expresses Alr via polarised rates: 

j (a++ + a+- - a-+ - g—){-a++ + <r+~ - a~+ + g—) 
LR ~ V + a+- + a-+ + a—){-a++ + <j+- + <j-+ - a—) [ } 

With this method, polarimetry has to be used only for calibration and one 
can reach a spectacular accuracy for the electroweak observables, see Table|I] 
P . The polarisation of the positron beam is absolutely needed but already 
a polarisation of about P e + = |40%| would be sufficient, see Fig. to 
measure these observables with an unprecedented accuracy. 

As an example of the potential of the GigaZ sin 2 9 e ff measurement, 
Fig. ^) ^2] compares the present experimental accuracy on sin 2 9 e ff and 
Mw from LEP/SLD/Tevatron and the prospective accuracy from the LHC 
and from a LC without GigaZ option with the predictions of the SM and 
the MSSM. With GigaZ a very sensitive test of the theory will be possible. 



a) b) 
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Figure 1: a) Test of Electroweak Theory: The statistical error on the left- 
right asymmetry Alr of e + e~ — > Z — > 11 at GigaZ as a function of the 
positron polarisation P e + for fixed electron polarisation P e - = ±80% [TT] . 
In b) The theoretical prediction for the relation between sin 2 Oeff and M\y 
in the SM for Higgs boson masses in the intermediate range is compared to 
the experimental accuracies at LEP 2/Tevatron (Run IIA), LHC/LC and 
GigaZ US]. 

It should also be mentioned that with the help of polarised beams a LC could 
be sensitive to electroweak dipole form factors. They have been analysed 
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Table 4: Sensitivity to electroweak observables at different colliders in com- 
parison [T3] . 



in Jl] with regard to CP violation of the r lepton and via CP-odd triple 
product correlations. Sensitivity bounds for the real and imaginary parts of 
these form factors have been set up to O(10 -19 ) ecm. 

In the same context one should not forget that also for searches of heavy 
gauge bosons, as e.g. for the Z', the use of polarised beams enhances the dis- 
covery range. Also for contact interactions the sensitivity can be enhanced 
significantly pfl IT7)]. 

3 Beyond the Standard Model 

3.1 Supersymmetry 

Supersymmetry is widely regarded as one of the best motivated extensions 
of the SM. However, since the SM particles and their SUSY partners are not 
mass degenerate, SUSY has to be broken, which leads even for its minimal 
version, the Minimal Supersymmetric Standard Model (MSSM), to about 
105 free new parameters. In specific scenarios of SUSY breaking one can end 
with only a few parameters: 5 in mSUGRA, 4 in AMSB and 5 in GMSB. 
However, one should note that one of the most favoured motivation for SUSY 
- the unification of the gauge couplings - is consistent within the general 
MSSM independently of the large number of new parameters. 

In order to exactly pin down the structure of the underlying model it is 
therefore unavoidable to extract the parameters without assuming a partic- 
ular breaking scheme. Since the LC with its extremely clear signatures pro- 
vides a measurement of the particle masses up to O(100) MeV, of the rates 
and branching ratios at the % level, the LC is well suited for revealing the 
underlying structure of the model. Different step-by-step procedures have 
been worked out to determine the general MSSM parameters and to test 
fundamental SUSY assumptions as e.g. the equality of quantum numbers or 
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of couplings of the particles and their SUSY partners as model independent 
as possible. It turns out that the use of polarised beams plays a decisive 
role in this context. 

3.1.1 Stop mixing angle in e + e~ — > t\t\ 

As demonstrated in the mass and the mixing angle of t can be extracted 
with high precision via the study of polarised cross sections for light stop pro- 
duction. At a high luminosity LC and with P{e~) = 80% and P{e + ) = 60% 
an accuracy of 6(m^ ) 0.8 GeV and (5(cos# t ~) ~ 0.008 could be reachable, 
see Fig. |21 Similar studies have been done for the f sector |21) . 

3.1.2 Quantum numbers in e + e~ — ► e^R^LR 

SUSY transformations associate chiral leptons to their scalar SUSY partners: 
R <-> e~[ R and the antiparticles e\ R <-> e RL . In order to prove this 
association between scalar particles and chiral quantum numbers the use of 
polarised beams is necessary JHj. The process occurs via 7 and Z exchange 
in the s-channel and via Xi exchange in the t-channel. As already mentioned 
in the general introduction one has direct coupling between the SM particle 
and its scalar partner only in the t-channel. Therefore one has to project 
out the t-channel exchange in order to test the association of chiral quantum 
numbers to the scalar SUSY partners. 

With e.g. completely polarised e^ej only the pair e^e^ contributes. 
Due to their L,R coupling character ex, en can be discriminated via their 
decay characteristics and can be identified via their charge. One has to 
note that a polarised e + beam is necessary. Even completely polarised e~ 
would not be sufficient, since the s-channel exchange could not be switched 
off completely. However, even if only partially polarised beams of maximal 
P e - = —80% and P e + = —60% were available it could be sufficient to probe 
this association, since in this case the pair e^e^ dominates by a factor of 3 
in our example, Fig. [2b, [T8] . 

3.1.3 Gaugino/higgsino sector 

The SUSY partners of the charged and neutral gauge bosons are the charginos 
X\ 2 and neutralinos Xi 4- Since SUSY is a broken the electroweak eigen- 
states mix and strategies have been worked out to determine the mixing 
angles via polarised rates in e + e~ —> xfxj an d e + e~ —>■ XiX^ an d to derive 
the underlying MSSM parameters (^5] and references therein). Even if only 
the lightest particles Xi Xii X1X2 were accessible, it would be sufficient for 
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Figure 2: Test of selectron quantum numbers in e + e — ► R e L R with 
fixed electron polarisation P(e~) = —80% and variable positron polarisation 
P(e+). For P(e~) = -80% and P(e+) < both pairs l~ L l\ and e~ R e\ still 
contribute. For P(e + ) = —60% the pair e^e^ dominates by more than a 
factor 3 [HE1II3. 

determining the fundamental MSSM parameters M\, ^a/d M2 and fx, 
i.e. the U(l), the SU(2), and the higgsino mass parameters with its CP- 
violating phases. The ratio of the two Higgs vev's tan (3 = v^/vi can only be 
derived via this sector if tan/3 is not too large ( |19| and references therein). 
In Fig. e.g., it is demonstrated, how to fix \M\\ and *&M\ with polarised 
cross sections a(e + e~ — > X1X2) an d the light masses m^o . In this context 
the beam polarisation is needed in order to resolve ambiguities and to im- 
prove the statistics. Once the parameters are determined one can efficiently 
test whether the gauge couplings gsee and gwee are identical to the Yukawa 
couplings g^ ei and g^- eS , respectively, by studying the polarised cross sec- 
tions with a variable ratio of gBee/g§ee an< ^ 9Wee/ 'dwee an d comparing it 
with experimental values see Fig. 

3.1.4 The case of high tan/3: r polarisation 

A crucial parameter is tan/3, but if tan/3 is high it will be very difficult to 
determine it very accurately. In case of high tan/3 > 10 the chargino and 
neutralino sector is insensitive to this parameter. But even in the Higgs sec- 
tor the case tan/3 > 10 will lead to large uncertainties A(tan/3) > 10% [2*U] , 
However, in many scenarios one could then determine tan/3 from another 
sector whose particles are relatively light: the f sector |2*T| . 
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Figure 3: The contours of two neutralino masses (1,2) and one neutralino 
production cross section a(e + e~ — > X1X2) m the Re(M\), Im(Mi) plane; 
b) Contours of the cross sections cr(e^e^ — > X1X2) an d cr(e^e^ — > X.1X2) m 
the plane of the Yukawa couplings and normalised to the SU(2) and 
U(l) gauge couplings g and g' {Y L = g^/g, Y R = g^/g' } [H]. 



The polarisation of r's from fj — ► TXj is sensitive to tan/3 j!7j and the r 
polarisation can be rather accurately measured at a LC via e.g. the r decays 
into 7r's, see Fig. 0^, j2j. It has been discussed that in case of a sufficient 
higgsino admixture in the jn it is even possible to determine high tan/? as 
well as A T , without any assumptions on the SUSY breaking mechanism: 
after determining the f mixing angle via polarised rates, preferable in the 
configuration grl due to WW background suppression, one can determine 
tan/3 from the r polarisation in the decay f\ — > rx?, see Figjljj. Even for 
high tan/3 > 20 one can reach an accuracy of about 10%. 



3.1.5 Extended SUSY models 

In case of e.g. R-parity violating SUSY non-standard couplings could oc- 
cur which produce a scalar particle in the s-channel: e + e~ — ► v — > e + e~. 
The process gives a significant signal over the background. Since it requires 
both left-handed e~ and e + beams - the LL configuration- it can be eas- 
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Energy spectra of n (tan/8 = 20) tan/3 




Figure 4: a) Determining the r polarisation Pfi— >r from the pion energy 
distribution in the decay f\ — ► tx? — ► v t tix\ leads to b) an accurate deter- 
mination of high tan/3: e.g. tan/3 = 20 ± 2 |21j . 



ily analysed and identified by the use of beam polarisation ( J221 |Hj): here 
simultaneously polarised beams enhance the signal by about a factor of 10, 
see Table 03 

One could also extend the MSSM without changing the gauge group, 
by introducing an additional Higgs singlet: it leads to the (M+1)SSM 
with one additional neutralino. Since the mass spectra of the four light 
neutralinos could be similar to those in the MSSM in some parts of the 
(M+1)SSM/MSSM parameter space, a distinction between these models 
might be difficult via spectra and rates alone. However, polarisation effects 
might then indicate the different coupling structure in the (M+1)SSM [23] 
and help disentangling the models, Fig. 03 

3.2 Large extra dimensions 

Another approach for physics beyond the SM, which could also resolve the 
hierachy problem, is the introduction of large extra dimensions. At a LC the 
process e + e~ — > jG is promising and it has been worked out that with run- 
ning on two different \fs one can determine the number of extra dimensions 
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Table 5: Sneutrino production in R-parity violating SUSY: Cross sections 
of e + e~ — > v — > e + e~ for unpolarised beams, P e - = —80% and unpolarised 
positrons and P e - = —80%, P e + = —60%. The study was made for = 
650 GeV, Tc = 1 GeV, an angle cut of 45° < 9 < 135° and the R-parity 
violating coupling A131 = 0.05 22 . 



^ . The use of polarised beams in this context enlarges on one hand the 
sensitivity to the new scale M* and suppresses on the other hand the main 
background e + e~ — > vv^/ significantly. The ratio S/\fB is enhanced by a 
factor of about 2.1 (4.4) if P e - = +80% (and P e + = -60%) is used. 

4 Summary 

A Linear Collider in the TeV range with its clean initial state of e + e~ colli- 
sions is ideally suited for the search for new physics, for the determination of 
both Standard Model and non-standard couplings with high precision and 
for revealing the structure of the underlying model. The use of polarised 
beams plays a decisive role in this context. We have shown that simul- 
taneous polarisation of both beams can significantly expand the accessible 
physics opportunities compared to the case of e~ polarisation only 4 . The 
use of simultaneously polarised e~ , e + beams has several advantages for: 
determining quantum numbers of new particles, providing higher sensitivity 
to non-standard couplings, increasing rates and background suppression, 
raising the effective luminosity and expanding the range of measurable ex- 
perimental observables e.g. with the help of transversely polarised beams. 

The author would like to thank Yousef Makdisi with his nice and friendly 
organising team for a wonderful and very interesting conference! CM. -P. 
was partially supported by BNL. 

4 For updates see POWER group (Polarisation at Work in Energetic Reactions) 
http://www.ippp.dur.ac.uk/ " gudrid/power/ 
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Figure 5: Cross sections for the process a(e + e — ► X1X2) with polarised 
beams (P e - = ±80%,P e + = =f60%) for an example in a) the MSSM and 
in b) the (M+1)SSM, where the mass spectra of the light neutralinos are 
similar |23| . 
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